The plasma membrane of mammalian cells consists of microdomains differing in lipid and protein composition. Two distinct classes of cholesterol/sphingolipid microdomain (caveolae and lipid rafts) are assembly points for transmembrane signalling complexes. Recent evidence suggests that transient changes in cholesterol content may be important in regulating signal transduction.
Introduction
Some 35 years ago, van Deenen and colleagues established that the biological properties of cell membranes were dependent on their FC (free cholesterol) content. FC determined both the rate and specificity of transport [1, 2] . Subsequent research established that FC was not randomly distributed in synthetic lipid monolayers [3] or in biological membranes [4] . It formed local, FC/SPH (sphingolipid)-rich patches whose properties differed significantly from those of adjacent regions. Purified preparations of these patches from cell membranes were enriched in signalling proteins [5] .
Within the last 5 years it has become clear that the surfaces of most living cells contain at least two distinct classes of FC/SPH-rich microdomain (lipid rafts and caveolae) that differ in their structure, stability and content of associated proteins [6] [7] [8] [9] . Lipid rafts are planar domains rich in GPI (glycosylphosphatidylinositol)-anchored proteins and lack caveolins, the structural proteins of caveolae. Caveolae are invaginations depleted of GPI-anchored proteins but rich in caveolins. Lipid rafts and caveolae do not appear to be interconvertible. They normally play different roles in the cell, although crosstalk has been reported [9] . Recently, by comparing the structures and properties of lipid rafts and caveolae, progress has been made in unravelling the role of FC in signalling, and the role of signalling in FC homoeostasis.
biological membranes and determine their stability, using a variety of optical techniques. The data suggested that lipid rafts were short-lived (with a t ½ of a few seconds only). Both biochemical and biophysical data indicate the presence at the cell surface of T-lymphocytes and other cells of FC/SPH-rich complexes associated with GPI-anchored and transmembrane proteins (many of which are reversibly palmitoylated) [12] . Many raft complexes involve cytokineand chemokine-directed pathways.
Several factors may contribute to the very short lifetimes estimated for lipid rafts. Most studies of lipid rafts have been carried out on continuous cell lines; signal transduction from the external environment (and transmembrane signalling assemblies) may be of less significance here than in terminally differentiated cells. Purified GPI-anchored proteins added to cells to label membrane rafts may instead associate with protein-poor precursors, rather than with fully assembled signalling complexes (Figure 1 ). Finally, GPI-anchored proteins may be required only for the initial assembly of signalling complexes. If any of these suggestions is correct, the stability of rafts in the form of mature signalling complexes may have been underestimated.
The functional advantage of limiting signalling proteins to a small part of the total cell membrane is clear from the Law of Mass Action. FC itself seems to play a major role in the assembly of these multi-protein complexes, yet signal transduction is activated if FC is depleted artificially with cyclodextrins [10] . The factors promoting raft turnover and dispersal of FC under physiological conditions are not fully understood, but depalmitoylation [13] and steric changes mediated by protein kinase activities, both of which decrease the overall hydrophobicity of the signalling complex, may play significant roles. Further research will be needed to assess these possibilities.
Role of lipid rafts in viral infection and virion secretion
Several viruses have now been shown to 'co-opt' transmembrane receptor pathways by binding to raft-associated signalling proteins [14] . The virus-receptor complexes are probably internalized, after lateral translation, via the coated pit mechanism. The FC/SPH-enrichment of the vesicles formed on internalization could play a role in bypassing lysosome-mediated degradation, and promote the release of the undegraded progenitor virus into the cytoplasm. Reduction of FC levels in lipid rafts, by cyclodextrins or the inhibition of cellular FC synthesis, markedly reduced infectivity, indicating that the same factors that regulate signal transduction control viral uptake [15] .
HIV-1 infects T-cells by binding to CD4 and other raftbased receptor proteins. The secretion of virions from the cell surface is also raft-dependent. Synthesis of HIV-1 virions depends on FC synthesis de novo. During intracellular packaging of viral proteins, FC interacts with a consensus binding site at the C-terminus of the viral negative factor (Nef) protein [16] . Virions coated with FC-rich membrane are delivered to the cell surface and form raft-like domains prior to secretion.
Structure of caveolae
Caveolae, the second recognized class of FC/SPH-rich microdomains, are stable invaginations of the cell surface (60-90 nm in diameter). Caveolae are present at high concentrations in terminally differentiated peripheral cells including adipocytes, endothelial cells, muscle cells and fibroblasts. In contrast, virally transformed or immortalized cell lines, and many cancer cells, express few if any caveolae. This probably reflects the reduced dependence of these lines on extracellular growth factors. Caveolae also play important roles in integrin-mediated cell locomotion and adhesion. The propinquity of the scaffold (protein-binding) and lipid-binding sites is shown, together with the location of serine and other residues implicated in the biological functions of caveolin.
It is a major thesis of this overview that caveolae function as more highly evolved lipid rafts, with improved capabilities for specificity and the transmission of complex signals. The stability of caveolae, much greater than that reported for rafts [17] , permits the pre-assembly of signalling complexes. The primary sequence of caveolin includes FC and protein-binding sites, the latter being selective for proteins of downstream signalling cascades. The organization of caveolin molecules into a cross-linked basketwork in the wall of the caveola is probably a major factor allowing multiple pathways to diverge from the same transmembrane receptor kinase. For example, signals stimulating glucose transport and growth both originate from insulin receptors in adipocyte caveolae, but one is FC-dependent, the other FCindependent [18] . Thus caveolae can sort signal transduction for diverse signals downstream. Finally, caveolae interact with small plasma high-density lipoprotein particles outside the cell, promoting FC transfer [19, 20] . This increases the rate at which caveolae are FC-depleted under physiological conditions and stimulates signal transduction [21] . The basis of all of these effects appears to lie in the structure of the caveolin.
Caveolins are a family of small (20-22 kDa) FC-binding proteins found in caveolae and also in a variety of intracellular FC-rich membranes, including weakly acidified recycling endosomes, the trans-Golgi membrane fraction and lipid droplets. This distribution may reflect transport functions of caveolin in FC homoeostasis [19, 22] , but passive equilibration of caveolin between FC-rich surfaces may also contribute. Obviously, only cell-surface caveolin organized as caveolae plays a role in signal transduction or FC efflux. α-Caveolin-1, the major caveolin of most mammalian cells, is essential for caveola formation, and caveolin-1-knockout mice lack morphological caveolae [23] . The binding site for signalling proteins is a 'scaffold' sequence within a projected α-helix N-terminal to the central hydrophobic domain [24] . The same motif is present in caveolin itself, and may contribute (along with a C-terminal domain) to the formation of oligomeric complexes in caveolae. The 'scaffold' sequence, rich in aromatic amino acids (ϕX 2−4 ϕX 2−4 ϕ, where ϕ is Phe, Trp or Tyr and X is any amino acid) is probably part of a more extended hydrophobic site. This domain in caveolin (FTTFTVTKYWFYRL) contains two scaffold sequences (FXXFXXXXY and FXXXXYXXY) as well as an overlapping FC-binding site (VXXYXXXR + ) [25] (Figure 2 ). Caveolin at the cell surface is fully palmitoylated. In senescent cells, where palmitoylation is defective, caveolin is absent from the cell surface and confined to FCrich intracellular vesicles [26] . Palmitoylation may also determine the distribution of caveolin between cell-surface and intracellular pools in actively dividing cells, although further research will be needed to show this. It does not appear that caveolin is depalmitoylated dynamically in the course of signal transduction [27] . Both the N-and C-termini of caveolin are cytoplasmic. A tyrosine residue (Tyr 14 in α-caveolin-1) is phosphorylated following stimulation with growth factors [28] .
Caveolin and FC homoeostasis
This relationship is key to an understanding of the function of caveolae. However, it has been a controversial area for several reasons. A number of the cells used were transformed lines with few cell-surface caveolae. It was not widely recognized that transfection of such cells with caveolin cDNA often generated caveolin-rich intracellular vesicles but few if any caveolae. In addition, overexpression of caveolin inhibits cell division [29, 30] , so that clonal selection favours retention in FC-rich intracellular vesicles over cell-surface expression. All of these factors meant that much of the caveolin whose properties were being studied was inside the cell, not at the surface.
Finally, since FC equilibrates rapidly at 37
• C between the cell surface and intracellular pools, it has been difficult to identify the origin or fate of FC in caveolae by normal fractionation techniques. Three different approaches have been used in attempts to circumvent these problems. In cells equilibrated with a photoactivable FC analogue, the relationship between FC, caveolin and signalling proteins can be stabilized by cross-linking under mild conditions for further analysis [21] . In experiments carried out at reduced temperature (18 • C) the FC-efflux pathway remained operative, but FC transport to the cell surface was inhibited [31] and the cellular origin of caveolar FC could be determined. Finally, caveola-rich primary cells (vascular smooth muscle cells, endothelial cells or fibroblasts), unlike transformed cells, usually retain full ability to up-regulate the level of cell-surface caveolae in response to the overexpression of caveolin or FC [28, 30, 32] . In such cells, the great majority of caveolin is usually at the cell surface. Based on these approaches it has been possible to show that signal transduction from caveolae is directly and intimately associated with sequential changes in the FC content of these structures.
Dynamic relationship of FC homoeostasis and signal transduction
Initial reports defined caveolae as reservoirs of inactive signalling proteins, in equilibrium with functional, extracaveolar complexes. According to this hypothesis, FC inhibited signalling by increasing the binding of signalling proteins to caveolae. Analysis of the time course of signal kinase activities and FC levels associated with caveolae has since indicated a more complex scenario. While several questions still remain, the sequence of events has been worked out in most detail for the response of vascular smooth muscle cells to PDGF (platelet-derived growth factor). Ligand binding is associated with dimerization and autophosphorylation of the PDGF receptor protein. This leads to phosphorylation of one or more c-Src family kinases downstream, and additional sequential phosphorylation reactions, including that generating phosphoTyr 14 -caveolin. While the structure of caveolae at the cell surface is stable for many hours [17] and remains intact during signal transduction (P.E. Fielding and C.J. Fielding, unpublished work) more than 80% of caveolin-associated FC was transiently lost over 15 min after the addition of PDGF.
Simultaneously, FC efflux from caveolae and kinase activity were stimulated 2-4-fold [21] . There were also changes in the composition of the signalling complex and the phosphorylation of caveolin at Tyr 14 over the same time course [21] . Significantly, phosphorylation of caveolin at Tyr 14 occurred when caveolin-FC had been depleted.
The primary sequence of caveolin shows that the two scaffold sites and the FC-binding site are continguous or overlapping, to such an extent that simultaneous binding of ligands to both appears highly unlikely. We hypothesize that catalysed loss of FC from caveolae precedes and is necessary for phosphorylation of downstream proteins (including caveolin), and that this takes place only after the hydrolysis of phosphocaveolin (probably by the previously identified caveolar low-molecular-mass phosphotyrosine phosphatase) ( Figure 3 ) [33] . The overall process reflects a 'bellows-like' uptake and efflux of FC essential for the assembly of the signalling complex, and signal transduction. Further research will be needed to determine the application of this model to pathways other than PDGF-dependent signalling, but the model could be a basis for explaining a number of recent results on the relationship between FC and signalling.
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